The experimental charge density analysis of the anti-hyperglycemic agent metformin chloride with high-resolution X-ray diffraction data at low temperature (100 K) has been performed and these experimental results were compared with that derived from the corresponding periodic theoretical calculations at the B3LYP/6-31G** level of theory. The experimental and theoretical multipolar charge-density analyses of metformin chloride have been accomplished in order to understand its structural and electronic properties. The C and N atoms of the molecular backbone adopt a near trigonal geometry due to the occurrence of extensive delocalization/resonance of C-N bonds, as confirmed by topological analysis and also found by Natural Resonance Theory calculations performed in the isolated metformin cation. The molecule contains six C-N bonds and the topological bond order analysis shows that four bonds have bond orders close to 4/3 and two bonds can be considered as single. The analysis of numerical parameters of the valence shell charge concentration reports that the N3 atom, which forms two bonds with C atoms, possesses one non-bonding valence-shell charge concentration (VSCC) in the direction of the electron lone pair. Among the intermolecular interactions of the chloride atom with the H-C and H-N atoms, eight have been found to be shorter than the sum of van der Waals radii. The analysis of contacts on the Hirshfeld surface reveals that the H-NÁ Á ÁCl hydrogen bonds are enriched (over-represented) and act as the driving force in the crystal packing formation. The metformin cations form favorable electrostatic interactions with the chloride anions which have globally a stronger energy than the unfavorable cation/cation interactions.
The experimental charge density analysis of the anti-hyperglycemic agent metformin chloride with high-resolution X-ray diffraction data at low temperature (100 K) has been performed and these experimental results were compared with that derived from the corresponding periodic theoretical calculations at the B3LYP/6-31G** level of theory. The experimental and theoretical multipolar charge-density analyses of metformin chloride have been accomplished in order to understand its structural and electronic properties. The C and N atoms of the molecular backbone adopt a near trigonal geometry due to the occurrence of extensive delocalization/resonance of C-N bonds, as confirmed by topological analysis and also found by Natural Resonance Theory calculations performed in the isolated metformin cation. The molecule contains six C-N bonds and the topological bond order analysis shows that four bonds have bond orders close to 4/3 and two bonds can be considered as single. The analysis of numerical parameters of the valence shell charge concentration reports that the N3 atom, which forms two bonds with C atoms, possesses one non-bonding valence-shell charge concentration (VSCC) in the direction of the electron lone pair. Among the intermolecular interactions of the chloride atom with the H-C and H-N atoms, eight have been found to be shorter than the sum of van der Waals radii. The analysis of contacts on the Hirshfeld surface reveals that the H-NÁ Á ÁCl hydrogen bonds are enriched (over-represented) and act as the driving force in the crystal packing formation. The metformin cations form favorable electrostatic interactions with the chloride anions which have globally a stronger energy than the unfavorable cation/cation interactions.
Introduction
Type 2 diabetes is one of the most serious medical conditions which affect people drastically and is caused by a combination of lifestyle and genetic factors (Ripsin et al., 2009; Risé rus et al., 2009) . Its risks are cardiac arrest, neural damage, kidney failure, vision problems which may lead to total blindness, impotency, delayed wound healing leading to toe, feet or leg amputation (Vengateswara et al., 2013) . On the whole, diabetes has been reported as the seventh leading cause of death and leading cause of disability in the United States. However, consistent treatment can keep people with diabetes healthy to work and carry out daily activities (Stevens, 2014) . Some older medicines such as sulfonylureas, certain alpha-6-glucosidase inhibitors, meglitinides and some newer medicines such as thiazolidinediones and dipeptidyl peptidase 4 inhibitors are available on the market to treat type 2 diabetes (Bennett et Among them, metformin chloride (MetCl; Scheme 1) has emerged as a superior drug and is widely used in the management of type 2 diabetes (Costa & Eur, 2001; Satyanarayana et al., 2012) . Conjointly, MetCl is an oral antihyperglycemic agent and a first-line drug for the treatment of type 2 non-insulin-dependent diabetes mellitus (NIDDM; Stepensky et al., 2001 ) especially for obese and overweight people. The exact action mechanism of metformin is not completely understood. The drug's main effect is to decrease hepatic glucose production and it also increases insulin sensitivity, which increases peripheral glucose uptake. It has been identified that the drug activates the AMP-activated protein kinase (AMPK), and hence has also been prescribed for the treatment of polyps (Shaw et al., 2005) . Further investigations of this drug are being conducted in treating other insulin-resistant diseases. Besides that, MetCl decreases the risk of cardiovascular mortality (Selvin et al., 2008) and at a reasonable dosage does not induce hypoglycemia, for which it has been identified as an anti-hyperglycemic drug (Melchior & Jaber, 1996) . In the light of this information, Stevens (2014) suggests that MetCl is a drug which compares well over newer medicines such as Januvia and Onglyza. Moreover, on comparison with other biguanides such as phenformin, MetCl is cheaper, showing fewer side effects (Herrnstadt et al., 1979) .
The MetCl molecule has a peculiar structure; it contains six C-N bonds and an N atom (N3) forming two covalent bonds but not located within a cycle, Therefore, the charge density of the molecule was determined in particular to analyze the resonance/delocalization among the C-N bonds, which is reminiscent of what is observed in amides. The N3 atom with one lone pair in the C-N-C plane can be compared to similar N atoms in imidazole (Stephen et al., 2011) and pyridine (Rajalakshmi et al., 2014) . In order to appreciate the mode of action of a drug, it is also important to afford a precise electrostatic description, which could be beneficial in further investigations such as modeling and docking the drug into binding sites of proteins.
The experimental charge density analysis of MetCl has been performed from high-resolution single-crystal X-ray diffraction at low temperature T = 100 K. The experimental results were compared with the corresponding theoretical charge density calculations performed using CRYSTAL14 (Dovesi et al., 2014) with the B3LYP/6-31G** method. Topological properties (electron density and its Laplacian), bond-order calculation and electrostatic properties (atomic charge, dipole moment and the electrostatic potential) were elucidated in order to understand the structural, electronic properties of the molecule as well. Peculiarly, the characterization of the resonance/delocalization of C-N bonds in terms of electron density, Laplacian, bond order and VSCC parameters has been carried out as a specific consideration. On the whole, structural and charge-density information obtained on a molecule in the crystal state yield important information on its electrostatic properties and can contribute to the design of new potential drugs with improved efficiency.
Experimental

Crystallization
Crystals of MetCl were grown by slow evaporation from a saturated aqueous solution at room temperature. These crystals were found to be needle shaped. A high quality single crystal was selected for high-resolution X-ray diffraction intensity measurements.
X-ray data collection and structure solution
The crystal was mounted on a Bruker APEX-II CCD diffractometer using a cryo-loop and the measurement was performed at low temperature using a stream of cold nitrogen with the help of an Oxford cryo-system (Cosier & Glazer, 1986) . A high-resolution data set was collected up to (sin /) max = 1.115 Å
À1
, the completeness being 98.2% at s = 1.115 Å
. The collected data are almost complete at low resolution up to s < 0.7 Å À1 , with one reflection ð10 " 2 2Þ missing at s = 0.127 Å À1 ; this reflection is presumably overloaded and rejected as it has the strongest F calc value. The refinement of the unit-cell parameters and the data reduction were carried out using SAINT v8.27A software (Bruker, 2012) . Absorption correction was performed with the program SADABS2012/1 (Bruker, 2012) . Data sorting, scaling and averaging were performed using SORTAV (Blessing, 1997) . Molecular graphics have been computed using Olex2 (Dolomanov et al., 2009) and the structure was solved with the SHELXS (Sheldrick, 2008) structure solution program using direct methods and refined with the SHELXL (Sheldrick, 2008) refinement package using least-squares minimization. Further details of crystal data and measurement conditions are given in Table 1. 2.3. Refinement details 2.3.1. Multipolar experimental refinement. The experimental charge density (denoted EXP) was refined against diffraction intensities using MoPro software (Jelsch et al., 2005) . The program includes restraints/constraints on the stereochemistry, thermal displacement and charge density parameters and uses the multipolar scattering factor formalism. The multipole expansion was done at the hexadecapolar level for Cl atoms, the octapole level for C and N atoms and dipole level for H atoms. The core and valence spherical scattering factors were calculated from Su & Coppens (1997) and the anomalous dispersion coefficients were taken from International Tables for Crystallography (Prince, 2004) . For the H atoms, the U ij parameters were fixed to the values found by the SHADE server (Madsen, 2006) . The H-X distances of H atoms were restrained to the values obtained from neutron diffraction studies (Allen & Bruno, 2010 ) with a restraint sigma of 0.01 Å . X-H distance similarity restraints were also applied to chemically equivalent groups (sigma = 0.01 Å ).
The charge density was subsequently refined against all measured reflection intensities using the multipolar atom model (Hansen & Coppens, 1978) for pseudo-atom electron density.
The static and deformation maps were computed and plotted using the VMoPro module of the MoPro software (Jelsch et al., 2005) and the molecular view with atomic displacement parameter ellipsoids was produced with MoProViewer (Guillot, 2012) .
Automatic restraints of chemical equivalence and local symmetry (Domagała & Jelsch, 2008) were applied on the electron density parameters such as , 0 and P lm with a sigma of 0.02. The parameters and 0 of H atoms were restrained to be similar (sigma = 0.03). The Cl atom was modeled with anharmonic thermal displacement parameters in the order of 3. An extinction coefficient (Becker & Coppens, 1974) ) ratios increasing in the highest resolution shells (Niepö tter et al., 2015) . Therefore, a degree 3 polynomial scale factor was refined (k = 0.132092 + 0.031410 Â s 2 ) ratio at high resolution from 1.05 to 1.02
The parameters including scale factor, XYZ, U ij , multipoles P lm , valence populations P val , contraction/expansion coefficients and ' were refined successively until convergence. The crystallographic details of the experimental and theoretical refinements are given in Table 1 . The AE(F o 2 )/AE(F c 2 ) ratio as a function of resolution is close to unity (Fig. S2) ; the scatterplot of experimental versus expected I obs -I calc values illustrates the very good quality of diffraction data (Fig. S3) . The fractal dimension versus residual electron density using all reflections show a symmetric parabolic curve suggesting that the noise in the I hkl data is Gaussian (Fig.  S4) .
2.3.2. Theoretical structure factor calculation. Periodic quantum mechanical calculations were performed with the program CRYSTAL14 (Dovesi et al., 2014) , starting with the crystal geometry observed experimentally. Optimization of H-atom positions, keeping all other atoms and unit-cell parameters fixed, was performed with the density functional theory (DFT) method using the B3LYP hybrid functional completed with dispersion corrections (Grimme, 2006) . The 6-31G** basis set was used for all atoms and was taken from the EMSL Basis Set Library (EMSL 1996 (EMSL , 2007 .
The five parameters that control the level of accuracy in evaluating the Coulomb and exchange series were set to ITOL i = 8, for i = 1, 4, and ITOL 5 = 18. The shrinking factor of the reciprocal space was set to 4, corresponding to 80 k points in the irreducible Brillouin zone. The periodic wavefunction which is based on the optimized geometry was obtained after convergence of the energy (ÁE ' 10 À8 hartree). Structure factors corresponding to the measured diffraction intensities were then calculated up to a resolution of d = 0.25 Å using the theoretical electron density with the option XFAC of the CRYSTAL14 (Dovesi et al., 2014) program. For the Cl atom, a second basis set 86-311 of Apra et al. (1993) was also tested. The main difference between the two Cl basis sets used is that the latter offers a richer core and valence electron description, while the former one includes d-type polarization functions. The resulting electron densities and chlorine atomic charge showed no significant differences; therefore, the second basis set is not discussed in the study.
Quantum chemistry calculations were also performed at the B3LYP/6-311G (d, p) level of theory for the isolated cation in the experimental geometry using GAUSSIAN09 software (Frisch et al., 2009) . Subsequent natural bond order and natural resonance theory (Glendening & Weinhold, 1998) analyses were performed with the NBO6 program (Glendening et al., 2013) .
2.3.3. Multipolar theoretical refinement. The THEO multipolar refinement was performed versus the theoretical structure-factor amplitudes F hkl . Multipoles were developed up to the hexadecapole level for the Cl atom, and up to octupole level for C and N atoms. For H atoms, one dipole Dz and one quadrupole Qzz oriented along the X-H axis were refined. Slater functions used for multipoles are given in the supporting information. The multipolar-atom refinement for theoretical structure factors F hkl was performed up to s = research papers 2.0 Å À1 reciprocal resolutions following the below options and steps.
(i) The atomic positions were kept fixed to the values obtained from the relaxation geometry.
(ii) The scale factor was fixed to the absolute value (1.0).
(iii) The atomic thermal motion parameters were set to zero.
(iv) The valence and multipole populations, and 0 parameters were refined together with a block diagonal leastsquares normal matrix, until convergence.
(v) The refinement of a kappa parameter for the core electron shell (Overgaard et al., 2011; Farrugia & Senn, 2012 ) was applied to non-H atoms to compensate for different functions used in MoPro (Slater) and CRYSTAL14 (Gaussian) to compute the electron density.
The significant residual electron density remaining around the nucleus of the chloride atom was then considerably reduced after kappa-core modeling.
Results and discussion
Structure description
MetCl was previously observed to crystallize in two polymorphic forms A and B (Hariharan et al., 1989; Childs et al., 2004) , and the most thermodynamically stable phase A was obtained in this work. The two amine groups associated with the C4 atom are out of the average plane formed by N2-C3-N4-C1 atoms because of steric repulsion (see ORTEP plot in Fig. 1 ). The different dihedral angles between these two planes place the -C(NH 2 ) 2 group of the molecule in approximately opposite directions when the two crystal polymorphs are compared. In form A, the N1-C3-N3-C4 dihedral angle is 53.76 in this study compared with 53.69 in the Childs et al. (2004) structure, whereas the angle is 129.06 in form B (Hariharan et al., 1989) . Nearly 2.4% of unit-cell volume shrinkage takes place in form A when the temperature is decreased from room temperature (295 K; Hariharan et al., 1989) to 100 K (this study).
As found in the previously reported structures, the bonds to methyl groups C1-N1 and C2-N1 are single bonds having lengths 1.4590 (4) and 1.4565 (5) Å , respectively, which matches well with the standard C-N length value (1.469 Å ; Allen et al., 1987) . For the other C-N bonds, the bond distances are in the range 1.333-1.341 Å and there is some delocalization occurring between the bonds. The bond distances, angles and dihedral angles are given in the supporting information (Tables S1 and S2 ). The N1 atom is bound to 2 methyl C atoms (C1 and C2) and to the trigonal C3 atom. The angle C1-N1-C2 is found to be 115.12 (3) , which is in between 109.5 of a tetrahedral geometry and 120 of a trigonal geometry. The two other C-N1-C angles are larger than 120
[C3-N1-C1 = 122.27 (2) and C3-N1-C2 = 122.06 (3) ].
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The number in the last column is dimensionless and represents the chiral volume divided by the product of distances between the atom and its three neighbors.
Atom
Distance to plane (Å ) Plane ORTEP view of the MetCl molecule, showing the atom-numbering scheme. Displacement ellipsoids are drawn at the 50% probability level and H atoms are shown as small spheres of arbitrary radii.
The N1 atom is in near trigonal geometry and the larger angles involving the N1-C3 bond are due to the occurrence of delocalization/resonance of double bonds, as in amides (Stewart & Siddall, 1970; Mujika et al., 2006) . The N1, N2, N4 and N5 nitrogen atoms which form three covalent bonds are not fully planar. In order to analyze the geometry of the trigonal N and C atoms, the distance to the plane formed by their three neighbors and their respective chiral volumes are given in Table 2 . The chiral volume is defined as the volume of the parallelepiped unit cell, whose axes are represented by three bonds (Morrison & Boyd, 1973 ). The N5 atom shows the smallest distance to the plane formed by its three neighbors, d = 0.090 Å among the four trigonal N atoms ( Table 2 ). The N2 atom is found to be the less planar, as the parallelepiped connected with the three atoms (C3, H2D, H2E) has a volume equal to 0.251 Å 3 and the distance to the neighbors' plane reaches 0.25 Å .
Packing and interactions
A view of the MetCl packing along the a axis is illustrated in Fig. 2(a) . The chloride anions are located in shells, close to planes of the equation y ¼ x þ 1 2 or y ¼ x. The molecules are arranged in the crystal lattice by 'pairs' of molecules symmetrically related by a center of inversion 1 À x; 1 À y; 1 À z, which can be seen in Fig. 2(b) . The head-to-head arrangement is maintained by electrostatic interactions of the two NH 2 groups with two chloride anions. The C1 methyl group interacts with itself through symmetry with an inversion center, which can also be observed in Fig. 2(b) .
The crystal packing includes ionic and hydrogen bonding and Á Á Á stacking. The packing is mainly stabilized by N-HÁ Á ÁN and N-H + Á Á ÁCl À contacts. Interestingly, the Cl1 atom has eight intermolecular (C,N)-HÁ Á ÁCl contacts shorter than the sum of van der Waals radii (1.75 + 1.20 Å ) with six different neighboring molecules (Fig. 3a) . The conventional N-HÁ Á ÁN contact is found once (H5AÁ Á ÁN3), involving a strong hydrogen-bond donor and acceptor. The hydrogenbonding parameters are given in Table 3 .
One of the best ways to explore and visualize the intermolecular interactions is the Hirshfeld surface analysis (McKinnon et al., 2004; Spackman & Byrom, 1997) . Fig. 3(b) clearly shows the contacts of hydrogen-bond donors and acceptors and the red color indicates the region where the intermolecular distance between two atoms is shorter than the sum of their van der Waals radii.
The values of d i and d e at the Hirshfeld surface points are plotted against each other to generate the so-called fingerprint plot ( Fig. 4a ; Spackman, 2002) through which the different interaction types such as hydrogen bonding, van der Waals contacts, C-HÁ Á Á and Á Á Á stacking can be identified. As seen in many of the organic structures (Chęciń ska et al., 2011), the HÁ Á ÁH contacts (54.3%) are predominant (Figs. 4b and c) in the MetCl crystal. Hydrogen-hydrogen bonding has been found to be a stabilizing interaction in molecules and crystals (Matta et al., 2003) . HÁ Á ÁH contacts are very common and generally display the shortest contact distances on the surface due to the small van der Waals radius of hydrogen. The closest contacts give rise to the typical long spikes in the top-left and the bottom-right corners in the fingerprint and are due to the ClÁ Á ÁH/HÁ Á ÁCl interactions (26.9%; Fig. 4c) .
The enrichment ratio descriptor proposed by Jelsch et al. (2014) in the analysis of the contacts in molecular crystals is shown in Table 4 . An enrichment ratio E XY larger than unity indicates an enhanced propensity of pairs of chemical species XÁ Á ÁY to form interactions (given the chemical composition on the Hirshfeld surface, the actual contact proportion is Table 3 Hydrogen-bond geometry (Å , ). higher than if all contacts were equiprobable). The charged Hn and less polar Hc hydrogen atoms, linked to N and C, respectively, have been distinguished as they have very different interaction properties (Table 4 ). The list of E ratios spotlights the highly enriched HnÁ Á ÁCl contact (E = 2.32), which can be considered as the most favored contact. The HnÁ Á ÁCl À hydrogen bonds are presumably the driving force in the crystal packing formation as they are enriched and represent the interaction with the highest surface 30.4% among all contacts (if Hc and Hn are distinguished). Moreover, all other contacts involving Cl À and Hn are impoverished. The contacts NÁ Á ÁCl, CÁ Á ÁN, ClÁ Á ÁCl are strongly avoided in the crystal as they have very low values of enrichment ratios, E NCl = 0.13, E CCl = 0.10 and E ClCl = 0.04, respectively. The contacts between the chloride anion and the low positively charged Hc atoms represent more than 10% of the contact surface. The ClÁ Á ÁHc weak hydrogen bonds are still favorable from an electrostatic point of view, but much less than ClÁ Á ÁHn and are slightly impoverished (E = 0.89) in the present crystal structure.
There are two Á Á Á stacking contact types, namely of CÁ Á ÁC and CÁ Á ÁN, which have high enrichment ratios, E CC = 2.17 and E CN = 2.02. These interactions are found to be favored despite their low interaction surface, 1.3 and 3.7%, respectively. The HcÁ Á ÁC and HcÁ Á ÁN contacts which are HÁ Á Á type of interactions also play an important role with a contribution to the interacting surface larger than 6.9% and enrichment ratios larger than 1.5. Self-contacts between charged species (Cl À , Hn, N) are disfavored as electrostatically unfavorable, while the hydrophobic contacts CÁ Á ÁC and HcÁ Á ÁHc are more favored (notably E CC = 2.17).
Topology of the covalent bonds
An investigation using Hansen-Coppens model for highresolution X-ray data collected at 100 K is highly essential in order to gain insight into the electronic properties of MetCl. The high quality of the XRD and the efficiency of the multipolar modeling are authenticated by the residual density map (shown in Fig. S1 ) which has the absence of significant and systematic electron density peaks on the covalent bonds and on the atom sites. Both the experimental and theoretical deformation density maps Á(r) show the bonding features of atoms (Figs. 5a-d) and specifically the lone pair of the N3 atom (Figs. 5e and f). The three-dimensional Á(r) map provides a good description of the aspherical nature of the charge density distribution around all the atoms (Fig. 6) . The topological parameters for the (3,À1) bond critical points (CP) are listed in Table S4 and confirm the covalent sharing of atoms in the molecule (Fig. 7) . The (r cp ) values of the C-N bonds lie in the range 1.704-2.495 e Å À3 (1.645-2.297 e Å À3 in the THEO charge density) and are comparable with alike bonds seen in the molecules GlyThr and imidazole (Benabicha et al., 2000; Stephen et al., 2011) . The bond order defines the number of electron pairs shared between two bonded atoms and is mainly related to orbital representations (Mayer et al., 2004) . The C1-N1 and C2-N1 bonds, involving the two methyl groups, appear as single bonds as their bond orders (computed for a cation in vacuo) are smaller than unity (Table 5 ). All other C-N bonds have their bond order (see Table 5 ) in the 1.28-1.47 range, which enunciates the occurrence of -delocalization of the C-N bonds. The resonance structures of the isolated MET cation within the NBO framework are shown in Fig. S5 . C4-N3 is the shortest C-N covalent bond (Table 5 ) and has the highest bond order. Bond orders derived from the topological parameters and HOMED index are further discussed in the supporting information.
Remarkably, the N3 atom has two neighbors and the angle C4-N3-C3 is 122.08 (3) and the three neighbors (C3, C4, Lp) are in a trigonal planar geometry. The sum of the two C-N bond orders on the N3 atom reaches 2.82 and the topological CP ellipticities are larger than 0.15 as the N3 atom displays sp 2 hybridization. The N3 atom has a lone pair as in the cases of non-protonated nitrogen atoms found in planar cycles such as imidazole (Stephen et al., 2011) and pyridine (Rajalakshmi et al., 2014) .
In all C-N bonds, BCPs are closer to the C atom than to the N atoms (Fig. 8) . This is due to the additive effects of the stronger electronegativity and of the larger van der Waals radius of the N atoms compared with C atoms. Moreover, all C-N bonds except those involving the methyl groups have their ellipticity values above 0.15, establishing their partial character.
Analysis of the numerical parameters at the (3,À3) CPs (maxima) of L(r) has been carried out to gain insight into the prominence of the valence-shell charge concentration (VSCC) in the bonding directions of the N atoms (Table 6) . Around each atom, three VSCCs were found. All N atoms, except N3, form three covalent bonds and display three corresponding VSCCs in the directions of the bonds. The N3 atom, which forms only two covalent bonds, has one non-bonded concentration in the direction of the lone pair. Interestingly, the 
Atomic charges
Atomic charges integrated over the respective atomic basins are in good agreement with the chemical nature of atoms in the MetCl molecule. Importantly, the negative charges are carried by N1, N2, N3, N4, N5 and Cl1 atoms among which the N4 atom attached to two H atoms exhibits the most negative charge (EXP À1.192e, THEO À1.12e) in the molecule (Table 7) . The charge of the electron cloud seen on the N3 atom is comparatively lower (EXP À0.959e, THEO À1.017e) since it is not connected to any H atom. As the two methyl groups, CH 3 (C1) and CH 3 (C2), have electron-donating capacity, they indeed possess globally positive charges. The global EXP charges of the two methyl groups are similar [0.435e for CH 3 (C1) and 0.453e for CH 3 (C2)]. These charges are higher than the theoretically calculated values: 0.372e for CH 3 (C1) and 0.329e for CH 3 (C2).
As expected, the electron accepting capacity is highest for the three ÀNH 2 groups which have negative charges around À0.23e (Table 7) . The C3 and C4 atoms which are each attached to two receiving -NH 2 groups and to the N3 atom with a lone pair have the highest positive charges in the molecule. The most positive charge (EXP +1.294e, THEO +1.474e) is exhibited by the C4 atom. The C3 atom, which is bonded to the three negatively charged N1, N2 and N3 atoms, exhibits the second highest positive charge (EXP +1.203e, THEO +1.307e). The central molecular skeleton C4-N3-C3-N1 exhibits a global positive charge. On the whole, the two methyl groups as well as the C3 and C4 atoms take responsibility for the cationic character of metformin. All C-N bonds are polarized as observed in the deformation electron density maps where the bonding density is closest to the N atoms (Fig. 5) . Notably, the bond C4-N4 formed by the most electronegative N4 atom (À1.192e) and the most positive C4 atom (1.294e) is the most polarized in the molecule.
The dipole moment has been calculated for the metformin cation alone with the origin at the barycenter of protons (shown in Fig. S6 ). It was calculated with MoPro and results from the atomic spherical valence and dipole populations. The dipole moments from experiment (0.412D) and theory (0.431D) are in good accordance both in magnitude and direction. Table 7 Bader atomic charges (e) of MetCl. 
Figure 9
Atomic charges after refinement versus theoretical diffraction data. In orange, using all data up to s = 2.0 Å À1 ; in blue, using data up to s = 1.1115 Å À1 , which is the limit of experimental data. The standard deviations of the charges are shown as error bars.
Table 6
Valence shell charge concentrations (VSCC) around N1, N2, N3, N4 and N5 atoms, at the (3,À3) Laplacian CPs: Laplacian and electron density.
Lp y denotes the respective electron lone pair at atom Y. Table 5 Bond orders and topological properties of the C-N bonds.
Bond order is obtained from molecular orbital analysis Mayer et al., 2004) The effect of resolution cut-off on the refined valence populations was tested on the theoretical data which have been computed up to s = 2.0 Å
À1 . An additional refinement was carried out using the same reciprocal resolution limit s = 1.115 Å À1 as the experimental diffraction data. The atomic charges Q = N val À P val after the two refinements along with their standard deviations are shown in Fig. 9 . The charges of the H atoms and chloride anion are generally in good agreement between the two models within the standard uncertainty. In the THEO model with limited resolution, the P val À N val charges are more positive for the N atoms and more negative for the C atoms and the differences between the two models can be significant, larger than 3. Fig. S7 shows the contraction/expansion 1 coefficients in the two models which show globally a high correlation (0.9912), but some differences are higher than 3. This illustrates that results of a charge density refinement are dependent on resolution cut-offs even for theoretical data and would deserve to be further investigated.
Electrostatic potential
The molecular electrostatic potential ( Table S6 ). The N3 atom with Lp is in front of the molecule. The closest interacting chloride anions are represented as green spheres and their symmetry number is given: (i) x; y; z; (ii) Àx; y þ actions and to predict the chemically reactive nature of the molecule; electrophilic (V > 0) and nucleophilic (V < 0) regions of the molecule are highlighted. The Hirshfeld surface is colored in Fig. 10 according to the electrostatic potential V(r) int and V(r) ext generated by the cation molecule and the neighboring molecules, respectively. The ESP is calculated directly with the VMoPro tool from the Hansen & Coppens equation describing the electron density (Su & Coppens, 1992) . For the exterior ESP, the Cl À anion (symmetry x; y; z) and a cluster of surrounding MetCl molecules was at first generated and stored as a molecular file. The ESP potential generated by the metformin cation is, as expected, globally positive hV(r) int i = +0.221 with the root-mean-square deviation (r.m.s.d.) = 0.073 e Å À1 on the Hirshfeld surface surrounding the molecule (Fig. 10a) . The only region around the cation reaching a slightly negative potential is near the N3 atom which possesses an electron lone pair and is the only hydrogen bond acceptor site of metformin.
ESP can be mapped on Hirshfeld surfaces to provide direct insights into the electrostatic nature of the intermolecular interactions in crystals (Spackman et al., 2008 . The ESP generated by the environment around the organic cation, namely the Cl À anion of the asymmetric unit and the surrounding MetCl molecules, is negative on the Hirshfeld surface hV(r) ext i = À0.177 and r.m.s.d. = 0.084 e Å
À1
. There are six chloride anions directly interacting with the cation and they are located near the electropositive regions (NH 2 groups) of the MetCl molecule. Globally, the inner and outer ESPs are positive and negative on the Hirshfeld surface (Fig. 11b) . The two V(r) potentials are negatively correlated (c = À73%) on the surface confirming the high electrostatic complementarity of the cation and of its surroundings. The regions on the surface with highest V(r) int values around 0.5 e Å À1 correspond globally to the most negative V(r) ext values around À0.4 e Å À1 and are related to the N-HÁ Á ÁCl À hydrogen bonds. On the other hand, the region of the N3Á Á ÁH5A-N5 hydrogen bond is in a reverse situation with respect to the global ESP behavior: the N3 generates small positive and even negative V(r) int values around the cation, while the surrounding is locally electropositive. Fig. 11(a) shows a scatterplot of electron density versus the electrostatic potential V int generated by the cation on the Hirshfeld surface of metformin. The points of high density highlight the strong contacts. Regions of high potential and electron density are found on the contact surface near the Hn atoms. A strong contact with low ESP is found around the N3 atom which has an electron Lp. The Hc atoms form weak hydrogen bonds with the chloride atom which correspond in the scatterplot to points of relatively high density (0.20 e Å
À3
). Generally regions with high potential V int are found around Hn atoms followed by Hc atoms. The surface around N atoms is found globally to be the most electronegative.
Intermolecular interactions and electrostatic energy
A calculation of the electrostatic energy between the neighboring molecules in the crystal has been carried out. The energy was computed between entities: cationÁ Á Ácation or cationÁ Á Áanion and are listed in Table 8 . The chloride/cation pairs have electrostatic energies in the range À149 to À259 kJ mol
À1
. The topological properties of intermolecular contacts are given in Table S5 . Among the hydrogen bonds, Cl1Á Á ÁH4B which exhibits the largest electron density at the CP CP = 0.115 e Å
À3
, is presumably the strongest hydrogen bond and corresponds to the dimer with the largest electrostatic energy.
The cationÁ Á Ácation interactions have repulsive electrostatic energies between +96 and +158 kJ mol À1 . The cation dimer involving the strong hydrogen bond N5-H5AÁ Á ÁN3 with the only acceptor on the cation has the least unfavorable electrostatic energy at +96 kJ mol
À1
. The global electrostatic energy per metformin cation with its interacting neighbors is À808 kJ mol
. The crystal structure is held by the electrostatic attractive cation-anion interactions which are globally stronger than the cation-cation contacts. The latter unfavorable contacts are unavoidable in the MetCl crystal packing due to the much larger size of the cations compared with the anions.
Conclusion
In this study, we have presented a quantitative charge density study of the first-line anti-diabetic drug MetCl both from a high-resolution diffraction experiment at 100 K and corresponding periodic theoretical calculations obtained from theoretical structure factors, using the B3LYP/6-311G** level of theory. Using Bader's 'Atoms In Molecules theory' (Bader, 1990) , the refined charge density has been analyzed. The Table 8 The electrostatic energy (kJ mol
À1
) between interacting moieties cationÁ Á Áchloride (left) and cationÁ Á Ácation (right).
The contact atoms refer to the interactions with the smallest distance minus the sum of van der Waals radii (d ij À r i À r j ). Symmetry operations apply to the second atom. CationÁ Á Ácation contacts involving nonreciprocal symmetry operations ( 6 ¼ À1 ) are not repeated. Involutional symmetry operations ( = À1 , marked *), which are inversions, should be counted as half for cationÁ Á Ácation interactions. For instance, the uncertainty for the interaction H2DÁ Á ÁCl1 (i) is s.s.d. = 20 kJ mol À1 .
Contact Symmetry E elec Contact Symmetry E elec Cl1Á Á ÁH2D x; y; z À218 (20) H1AÁ Á ÁH1C Àx þ 1; Ày þ 2; Àz þ 1* 158 (14) Cl1Á Á ÁH4B xÀ 1; Ày þ Hirshfeld surface analysis revealed that the weak HÁ Á ÁH contacts are the prime contributors to the crystal packing in terms of surface area (54.3%). The enrichment ratio descriptor highlights that the HnÁ Á ÁCl ionic bridges (E = 2.32) are the most favored contacts and are the driving force in the crystal packing formation. In addition, there is a strong N-HÁ Á ÁN hydrogen bond involving the N3 atom which has an electron lone pair and displays negative ESP. The topological analysis ensures the occurrence ofdelocalization of all the C-N bonds except C1-N1 and C2-N1 bonds involving methyl groups, denoting their partial double bond nature which is further supported by the bondorder index calculation. The topological bond-order analysis stresses that the C4-N3 bond is the strongest among C-N bonds and has the highest bond-order value (1.44) and the highest electron density and Laplacian values. All the N atoms have a trigonal geometry and show three valence-shell charge concentrations on their bonds, except N3 which has only one prominent VSCC on its lone pair. Notably, the two electrondonating methyl groups as well as the C3 and C4 atoms possess the responsibility for the cationic character of metformin. The C4-N4 bond is more polarized as it involves the most positive C4 (1.291e) atom and the most negative N4 (À1.193e) atom.
The ESP generated by the metformin cation is electropositive on the whole Hirshfeld surface except around the N3 atom possessing an electron Lp. Oppositely, the ESP generated by the cation surrounding molecules is electronegative on the surface, except around the NH 2 group hydrogen bonded to N3. The inner and outer ESPs generated on the metformin cation Hirshfeld surface show a high complementarity.
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